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ABSTRACT 


This  report  covers  work  carried  out  with  the  support  of  the  Rome  Air  Development  Center  during 
the  period  1  October  1982  through  30  September  1983. 

A  mass-transport  phenomenon  has  been  utilized  to  achieve  GalnAsP/InP  buried-heterostructure 
(BH)  lasers.  This  novel  technique  is  considerably  simpler  and  more  easily  controlled  than  those 
previously  reported,  and  has  resulted  in  BH  lasers  with  threshold  currents  as  low  as  9.0  mA. 

The  technology  for  fabricating  laser  diodes,  detectors,  and  optical  waveguides  in  GalnAsP/InP 
epitaxial  wafers  requires  the  use  of  suitable  etching  techniques  for  providing  smooth,  damage-free 
surfaces  for  precision  pattern  geometries  and  for  the  preferential  and  reproducible  removal  of  specific 
layers.  It  has  been  found  that  a  1  H2S04:1  H2O2:10  H20  room-temperature  solution  etches  (100) 
Ga0  27ln0  73AS0  03P0.37  =  1-3  Mm)  at  a  very  constant  etch  rate  of  1000  A/min.  Other  ratios  of 

H2S04:H202:H20  should  prove  useful  as  slow  selective  etches  for  GalnAsP  in  a  variety  of  applications. 

Three-guide  optical  couplers  consisting  of  slab-coupled  rib-type  guides  have  been  fabricated  on 
GaAs.  Their  behavior  closely  approximates  that  predicted  using  an  effective-index  analytic  method. 
Couplers  of  this  type  should  prove  useful  as  replacements  for  “Y”-type  power  dividers  and  combiners, 
especially  in  cases  where  waveguide  bends  would  result  in  unacceptable  losses. 

GalnAsP  diode  lasers  with  a  proton-isolated  modulator  have  been  operated  with  full  on/ off 
modulation  at  rates  of  3  GHz.  Both  the  gain  and  loss  are  actively  varied  in  the  modulator  in  order  to 
Q-switch  the  laser. 
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ELECTROOPTICAL  DEVICES 


I.  A  NOVEL  TECHNIQUE  FOR  GalnAsP/InP 
BURIED-HETEROSTRUCTURE  LASER  FABRICATION 

A  novel  technique  for  the  fabrication  of  GalnAsP/InP  buried-heterostructure  (BH)  lasers  has 
been  developed.  It  is  based  on  a  mass-transport  phenomenon  which  was  recently  observed  during 
the  fabrication  of  integrated  laser-waveguide  structures.1  This  technique  is  considerably  simpler 
and  more  easily  controlled  than  those  previously  reported,2'15  and  has  resulted  in  BH  lasers  with 
threshold  currents  as  low  as  9.0  mA. 

The  experimental  procedure  is  illustrated  in  Figure  1-1  (a)  to  (c).  The  starting  wafer  [a 
double-heterostructure  (DH)  wafer]  was  prepared  by  conventional  liquid-phase-epitaxial  (LPE) 
techniques  on  a  (100)  InP  substrate.  (Broad-area  lasers  fabricated  from  similar  wafers  have  had 
threshold  current  densities  of  0.9  to  1.3  kA/cm2.)  Oxide-stripe  masks  5.0  to  6.0-/im-wide  on 
250-jum  centers  were  first  fabricated  on  the  wafer,  with  the  stripes  parallel  to  either  (011)  or  (011) 
crystallographic  directions.  Two  steps  of  selective  chemical  etching  were  used  in  order  to  produce 
the  mesa  structure  shown  in  Figure  I-l(b).  First,  concentrated  HC1  was  used  to  remove  the 
unprotected  InP  cap  layer.  The  Ga0  27^0  73AS0  ^Pq  37  active  layer  thus  exposed  was  then 
removed  with  a  50-ml  aqueous  solution  of  10  g  KOH  and  0.2  g  K3Fe(CN)6.  Etching,  beyond  that 
required  to  remove  the  quaternary  layer,  was  sometimes  used,  depending  on  the  desired  amount 
of  undercutting  [Figure  I- 1(b)]. 

After  completion  of  the  etching  steps,  the  wafer  was  heat  treated  in  the  following  manner. 
The  heat  treating  of  the  wafer  had  previously  been  found1  to  cause  a  migration  of  InP,  and 
which  resulted  in  a  BH  as  illustrated  in  Figure  I-  1(c).  The  wafer  was  dipped  in  buffered  HF  for 
1  min.  and  loaded  into  an  LPE  system  with  a  freshly  baked  graphite  slider,  but  without  any 
growth  solution.  The  wafer  was  placed  in  a  shallow  slot  on  the  graphite  slider  and  was  covered 
by  a  graphite  plate.  The  system  was  purged  with  H2  and  PH3  while  being  heated  to  670°  C.  The 
H2-  and  PH3-flow  rates  were  chosen  so  that  almost  no  surface  changes  were  observed  on  plain 
InP  substrates  (except  for  regions  near  the  edges)  under  the  heating  cycle  used  in  the  present 
work.  The  system  reached  670°  C  in  approximately  30  min.  and  stayed  at  that  temperature  for 
another  30  min.  before  being  rapidly  cooled. 

Figure  I-2(a)  and  (b)  shows  scanning  electron  microscope  (SEM)  photographs  of  cleaved  and 
stained  cross  sections  of  two  different  wafers,  one  before  and  the  other  after  being  heat  treated  in 
the  LPE  system.  In  (a)  the  undercut  in  the  quaternary  etching  was  2.2  jum  from  each  side,  leav¬ 
ing  a  neck-shaped  quaternary  region  of  1.0-jum  width.  In  some  wafers,  GalnAsP  strips  as  narrow 
as  0.3  jum  were  obtained.  A  comparison  of  (a)  and  (b)  shows  that  the  heat  treatment  resulted  in 
a  marked  change  in  the  mesa  shape.  The  corners  were  eroded,  while  the  narrow  undercut  chan¬ 
nels  were  filled  in  with  InP.  This  phenomenon,  apparently  a  transport  of  InP,  has  been  reproduc- 
ibly  observed  in  25  runs  of  similar  experiments,  with  the  notable  exception  of  one  in  which  the 
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(a)  DOUBLE  HETEROSTRUCTURE  LASER  WAFER 


lnP:Zn  CAP  LAYER 
p25X10^  cm'8 

GalnAsP  ACTIVE  LAYER 
ns  1  X  1017  cm'3 

lnP:Sn  BUFFER  LAYER 
n  as  2  X  1018  cm  3 


lnP:Sn  SUBSTRATE 
n  s  1  X  1 018  cm  3 


(b)  SELECTIVE  CHEMICAL  ETCHING 


(c)  VAPOR-PHASE  TRANSPORT  OF  InP 


Figure  /-/.  Schematic  pictures  showing  mesa  etching  and  mass-transport  phenomenon  which  result  in  BH. 
Transport  of  InP  has  been  observed  after  heat  treatment  at  670°  C  in  H2  and  PH3  atmosphere . 
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Figure  1-2.  SEM  micrographs  showing  chemically  etched  mesas  (a)  before  and  (b)  after  transport  of  InP. 
Mesa  in  (a)  is  from  a  bar  cleaved  off  Wafer  491,  which  had  a  narrow  (1.6  pm)  mesa  top,  while  that  in  (b)  is 
from  Wafer  481,  for  which  the  mesa  top  was  wider  (2.8  pm).  (See  Table  1-1.)  These  cleaved  facets  have  been 
stained  [more  heavily  in  (b)]  in  order  to  bring  out  contrast  between  GalnAsP  and  InP. 
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PH3  flow  was  not  used.  The  transported  InP  was  generally  symmetrical  on  the  two  sides  of  a 
mesa  and  was  uniform  for  different  mesas  on  the  same  wafer.  The  width  of  the  InP  varied 
between  0.5  and  2.0  ;um,  depending  mainly  on  the  amount  of  undercut.  The  recess  at  the  base  of 
the  final  mesa  evident  in  Figure  I-2(b)  was  reduced  (or  totally  eliminated)  with  a  smaller  initial 
undercut.  Mesa  tops  which  were  initially  narrower  than  roughly  2  jam  were  completely  rounded 
after  the  heat  treatment,  whereas  those  which  were  wider  retained  a  flat  top  as  in  Figure  I-2(b). 

The  resulting  structure,  which  consists  of  a  GalnAsP  strip  completely  surrounded  by  InP,  is 
ideally  suited  for  the  fabrication  of  a  BH  laser.  To  complete  the  processing,  the  wafer  was  first 
coated  with  oxide  and  patterned  with  openings  on  the  mesa  tops.  After  a  zinc-skin  diffusion 
through  the  openings  in  the  oxide,  Au-Zn  alloyed  contacts  were  made  to  the  p+-InP.  The  wafer 
was  then  lapped  from  the  substrate  side  to  a  thickness  of  100  /am,  after  which  an  Au-Sn  alloyed 
contact  was  applied.  Next,  Ti  (200  A)  and  Au  (500  A)  layers  were  sputter-deposited  over  the 
entire  wafer  on  the  mesa  side  to  facilitate  contacting.  Individual  BH  lasers  were  then  obtained  by 
cleaving  and  saw-cutting. 

Six  wafers  have  been  processed  for  BH  lasers.  The  active  region  widths  of  each  wafer  shown 
in  Table  1-1  were  obtained  by  measurements  of  mesas  on  a  bar  cleaved  from  one  edge  of  that 
wafer.  The  BH  lasers  were  tested  in  room-temperature  pulsed  operation  with  the  lowest  threshold 
currents  shown  in  Table  I- 1 .  The  yields  of  low-threshold  devices  in  the  first  five  wafers  were  only 
modest.  A  marked  improvement  was  observed  in  the  sixth  wafer  in  which  approximately  60  per¬ 
cent  of  the  devices  showed  normal  I-V  characteristics  and  very  consistent  threshold  currents 
(17  to  19  mA).  This  improvement  was  related  to  a  special  mesa  structure  used  in  this  particular 
wafer:  most  areas  of  the  wafer  were  protected  by  oxide-masks  during  the  selective  chemical  etch¬ 
ing  except  for  stripe  regions  of  10-/xm  width  on  the  two  sides  of  each  laser  mesa.  These  unetched 
areas  are  expected  to  provide  better  support  and  protection  for  the  laser  mesas. 


TABLE  1-1 

Some  Properties  of  the  GalnAsP/lnP  BH  Lasers 
Fabricated  by  the  Transport  of  InP 

Wafer 

Active  Region 
Widths 
(/xm) 

Lowest  Threshold 
Current 
(mA) 

Device  Length 
(^m) 

475 

3.9  to  4.5 

33.0 

406 

476 

1.8  to  2.5 

20.0 

254 

481 

0.7  to  1 .4 

13.8 

305 

489 

0.7  to  1.5 

9.0 

279 

491 

1.0  to  2.2 

58.0 

254 

513 

3.0  to  3.6 

17.0 

279 
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The  lowest  threshold  current  obtained  to  date  was  9.0  mA.  Further  reduction  could  well  be 
achieved  by  using  shorter  devices  and  narrower  active  regions.  Nevertheless,  the  present  low 
thresholds  are  already  comparable  to  or  better  than  those  obtained  by  more  conventional  fabrica¬ 
tion  techniques,2*15  for  which  the  lowest  reported  value  was  10  mA  (Reference  15).  It  is 
important  to  note  that  the  new  technique  described  here  is  considerably  simpler  than  those 
reported  previously,  since  it  eliminates  the  need  for  the  LPE  regrowth  of  burying  layers.  The 
latter  not  only  requires  all  the  special  precautions  for  LPE  regrowth,  but  also  demands  critical 
control  of  layer  thicknesses  in  order  to  reduce  leakage  current.  In  the  present  structure,  the 
burying  sidewalls  of  transported  InP  are  just  wide  enough  to  provide  mode  confinement,  but 
narrow  enough  to  minimize  current  leakage.  Moreover,  the  InP  transport  has  been  found  to  be 
very  reproducible  and  easily  controlled. 

With  respect  to  the  transport  of  InP,  the  driving  force  for  the  phenomenon  is  probably  a 
surface-energy  minimization.  It  is  also  likely  that  the  presence  of  the  PH3  plays  an  important  role 
in  the  transport  process.  However,  detailed  study  of  the  transport  kinetics  has  not  yet  been 
attempted.  The  experimental  parameters  used  in  the  present  work  were  those  for  which  the  pro¬ 
cess  was  first  observed.  To  our  knowledge,  this  is  a  novel  phenomenon  and  may  find  other  appli¬ 
cations  in  device  fabrication. 


Z.L.  Liau 
J.N.  Walpole 
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II.  A  SLOW  SELECTIVE  ETCH  FOR  GalnAsP  GROWN  ON  InP 


The  technology  for  fabricating  laser  diodes,  detectors,  and  optical  waveguides  in 
GalnAsP/ InP  epitaxial  wafers  requires  the  use  of  suitable  etching  techniques  for  providing 
smooth,  damage-free  surfaces,  precise  pattern  geometries,  and  preferential  and  reproducible 
removal  of  specific  layers.  Several  previous  publications  have  reported  slow,  controllable  etches 
for  InP  (References  16  through  20)  and  etches  for  selectively  removing  InP  layers  grown  over 
GalnAsP  (Reference  21).  Little  has  been  reported  on  slow  etches  for  GalnAsP  or  on  selectively 
etching  GalnAsP  on  InP.  Here  we  describe  etch  rate  and  surface  morphology  results  obtained 
using  a  dilute  sulfuric  acid,  hydrogen  peroxide,  and  water  etch,  which  has  proven  to  be  a  slow 
selective  etch  for  GalnAsP. 

The  samples  used  in  these  experiments  were  (100)  LPE-grown  GalnAsP/ InP  heterojunction 
wafers  in  which  the  quaternary  compositions  were  either  Gap .27lno.73Aso .63P0.37  [having  a  band- 
gap  of  0.95  eV  (X  =  1.3  fim)]  or  Ga0  |0In0  90As0  04Po.96  [having  a  bandgap  of  1.24  eV  (X  =  1  /urn)]. 
Each  etch  solution  used  was  placed  in  a  clean  200-ml  pyrex  beaker.  The  beaker  was  modified  so 
that  a  microscope  slide  could  be  mounted  inside.  The  solution  was  stirred  continuously  by  means 
of  a  Teflon-coated  magnetic  stirrer.  Part  of  each  sample  to  be  etched  was  masked  with  Si02  so 
that  etch  depth  could  be  measured.  For  etching,  the  sample  was  mounted  on  a  microscope  slide 
using  apiezon  wax.  After  etching,  the  mask  was  removed.  The  sample  was  rinsed,  dried,  and 
inspected.  The  etch  depth  was  measured  with  a  Dek-tak  surface  profiler. 

Slow  controllable  etches  suitable  for  removing  thin  layers  of  InP  are  generally  not  usable 
with  GalnAsP.  For  example,  we  have  found  that  iodic  acid  etches17  GalnAsP  in  a  nonuniform 
manner,  leaving  very  badly  pitted  surfaces.  Potassium-ferrocyanide  potassium-hydroxide  solutions, 
which  are  often  used  to  delineate  p-n  junctions  in  the  III-V  compounds,  etch  GalnAsP  faster 
than  InP  and  have  been  used  as  a  selective  etch.18  The  selectivity,  however,  depends  on  the 
doping  of  the  InP  as  well  as  the  composition  of  the  etch  solution. 

Sulfuric  acid-peroxide-based  etches,  which  are  commonly  used  as  fast-polishing  etches  for 
GaAs,  etch  InP  slowly.22  For  example,  we  have  found  that  a  3  H2S04:1  H202:1  H20  solution  at 
room  temperature  etches  InP  at  about  200  A/ min.  By  decreasing  the  volume  of  H2S04  and 
increasing  the  volume  of  water,  the  etch  rate  in  InP  can  be  reduced  to  a  negligible  value  while 
maintaining  a  reasonable  etch  rate  for  most  GalnAsP  lattice-matched  compositions,  except  those 
very  close  to  InP.  As  shown  in  Figure  II- 1 ,  a  1  H2S04:1  H2O2:10  H20  room-temperature  solu¬ 
tion  etches  (100)  Ga0  27In0  73As0  63P0  37  (Xg  =  1.3  mm)  at  a  very  constant  etch  rate  of  1000  A/min. 
The  etched  GalnAsP  surface  appeared  to  be  free  of  any  etch-related  defects.  Figure  II-2  shows  a 
photomicrograph  of  a  double  heterojunction  wafer  in  which  the  top  InP  layer  was  removed  from 
most  of  the  wafer  using  concentrated  HC1  (a  selective  etch  for  InP).  Different  areas  of  the 
GalnAsP  layer  were  then  etched  for  different  times  using  1  H2S04:  1  H2O2:10  H20.  The  etched 
surfaces  have  the  same  surface  texture  as  the  originally  exposed  quaternary  surface.  For  (100) 
^a0.10^n0.90^s0.04p0.96  (^g  =  104  /xm),  the  etch  rate  (see  Figure  II- 1)  drops  to  about  75  A/min. 
The  etch  depth  on  (100)  InP  could  not  be  measured  after  an  hour’s  etch  time  although  a  fine 
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ETCH  DEPTH  (Mm) 


Figure  //-/.  Etch  depth  vs  etch  time  obtained  on  a  Ga0  27In0.73^s0.63P0.37  anci  a  Ga0.10fn0.90As0.04P0.96 
layer  etched  in  a  room-temperature  1  H2SO4.I  H202’W  H20  solution. 
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Figure  11-2.  Photomicrograph  of  a  Ga0  27^0 J3^s0  ^0  37 1 double  heterojunction  wafer  in  which  most 
of  top  InP  was  removed  in  concentrated  HCI  and  different  areas  of  quaternary  layer  etched  for  times  indicated 
(no  etch,  5-min  etch,  and  10-min  etch)  in  a  I  H2S04:l  H2O2:I0  H20  solution. 
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demarcation  line  between  the  etched  and  unetched  areas  of  the  samples  was  observed.  The  sur¬ 
face  quality  of  the  InP  exposed  to  the  dilute  sulfuric  acid  etch  was  good  (see  InP  surface  in  Fig¬ 
ure  11-2,  which  was  exposed  to  the  dilute  sulfuric  acid  etch).  The  same  result  was  obtained  on 
(lOO)-oriented  liquid  encapsulated  Czochralski  (LEC)  InP  samples  doped  with  either  Zn  and  Sn 
to  concentrations  greater  than  1018  cm'3.  Various  dilutions  of  should  prove 

useful  as  slow  selective  etches  for  GalnAsP  in  a  variety  of  applications. 

G.A.  Ferrante 
J.P.  Donnelly 
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III.  THREE-GUIDE  OPTICAL  COUPLERS  IN  GaAs. 


Optical  couplers  are  an  important  component  of  almost  all  integrated  optical  circuit  con¬ 
cepts.  There  have  been  a  number  of  reports  on  two-guide  optical  couplers  including  experimental 
results  on  couplers  fabricated  on  GaAs  (References  23  through  31),  InP  (Reference  32),  and 
GalnAsP  (Reference  33).  Work  reported  to  date  on  three-guide  couplers  has  been  theoretical.34’35 
When  used  to  couple  power  from  one  outside  guide  to  the  other  outside  guide,  the  three-guide 
coupler  has  sharper  transfer  characteristics  than  a  similar  two-guide  coupler.  It  has  been  pro¬ 
posed  to  use  this  feature  for  improved  sampling  and  filtering.35  Another  possible  application  of 
three-guide  couplers  is  their  use  as  symmetrical  power  dividers  and  combiners. 

The  symmetrical  three-guide  couplers  used  in  these  experiments  are  composed  of  three  slab- 
coupled  rib-waveguides  in  close  proximity  as  shown  in  Figure  III- 1(a).  The  individual  waveguides 
were  designed  to  be  single  mode36  and  consist  of  a  rib  etched  in  a  nominally  undoped  n'-GaAs 
epitaxial  layer  grown  on  a  (lOO)-oriented  2X  1018  cm'3  n+-GaAs  substrate.  The  epitaxial  layer 
was  n-type  with  a  carrier  concentration  of  1  X  1015  cm'3  and  had  a  thickness  of  4.2  /^m.  Details 
of  the  fabrication  can  be  found  in  Reference  37.  Note  that,  because  of  an  orientation-dependent 
etch  rate,  the  ribs  in  Figure  III-l(a)  are  actually  trapezoidal  in  shape.  The  mean  width  of  a  rib  is 
4.75  fxm,  and  the  mean  spacing  or  separation  between  ribs  is  4.25  /im,  The  height  of  the  rib  is 
1.5  /urn.  After  the  ends  were  cleaved,  the  sample  was  mounted  on  a  high-performance  translation- 
rotary  stage  for  optical  evaluation.  Following  evaluation  at  one  length,  the  sample  was  cleaved  to 
a  shorter  length  and  the  evaluation  repeated. 

Optical  measurements  were  made  using  an  end-fired  coupling  scheme.26  Radiation  from  a 
single-mode  CW  GalnAsP/ InP  double-heterojunction  laser  operating  at  1.28  /urn  was  collimated, 
passed  through  a  polarizer,  aperture  and  neutral  density  filter,  and  focused  on  the  cleaved  input 
face  of  the  waveguide  sample  using  a  microscope  objective.  The  electric  field  of  the  input  light 
was  polarized  parallel  to  the  plane  of  the  slab.  The  input  from  the  waveguide  sample  was  focused 
by  a  beam-splitting  microscope  into  two  images.  One  output  image  went  to  an  infrared  TV' 
camera  system;  the  other  image  was  passed  through  a  pinhole  aperture  onto  a  Ge  photodiode. 

The  output  image  could  either  be  scanned  across  the  pinhole  aperture  using  a  scanning  mirror,  or 
the  aperture  could  be  precisely  translated  across  the  image.  When  the  scanning  mirror  was  used, 
the  output  of  the  Ge  detector  could  be  displayed  on  an  oscilloscope  as  a  function  of  effective 
position.  For  comparison  purposes,  single  isolated  guides,  three-  and  two-guide  couplers  were 
evaluated. 

Since  an  exact  analysis  of  these  three-guide  couplers  is  not  possible,  an  extension  of  the 
effective  index  method38’39  was  used  to  obtain  an  approximate  analytic  solution  and  some  insight 
into  device  behavior.  Details  of  this  analysis  can  be  found  in  Reference  38.  In  the  limit  of  loose 
coupling  between  guides,34-35  power  input  into  the  center  guide  will  be  symmetrically  transferred 
to  the  two  outside  guides  in  a  coupling  length,  LCT_0.  This  coupling  length  is  \J2  times  larger 
than  that  of  a  similar  two-guide  coupler.  For  power  into  an  outside  guide  of  the  three-guide 
coupler,  all  the  power  is  transferred  to  the  other  outside  guide  in  a  distance  Lqj  _  02,  which  is 
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lb) 

Figure  III-l.  (a)  Photomicrograph  of  cleaved  cross  section  of  GaAs  three-guide  coupler.  Sample  has  been 
treated  with  a  stain/ etchant  to  reveal  n  -  n*  interface.  Scale  on  photomicrograph  is  l  pm/div .  (b)  Schematic 
cross  section  of  three-guide  coupler  with  rectangular  ribs  of  a  width  equal  to  average  width  (same  cross- 
sectional  area)  of  actual  guides.  Regions  I  and  II  are  modeled  as  slab  waveguides  to  determine  effective  guide 
index  in  different  portions  on  n  -layer. 
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twice  as  long  as  that  needed  to  symmetrically  couple  power  from  the  center  guide  to  the  two  out¬ 
side  guides. 

For  the  isolated  single  guides,  a  single  intensity  maximum  was  observed  under  the  rib  as 
expected.  The  outputs  of  the  two-  and  three-guide  couplers,  as  a  function  of  length,  were  in  good 
agreement  with  the  output  expected  from  theory. 

The  best  fit  to  the  experimental  data  gave  a  coupling  length  for  symmetrically  transferring 
power  from  the  center  guide  of  a  three-guide  coupler  to  the  two  outside  guides,  Lcy_o> 

*=*3.2  mm.  Figure  III-2(a)  shows  the  relative  power  out  of  each  guide  of  a  three-guide  coupler  vs 
length  for  power  input  into  the  center  guide.  Figure  III-2(b)  is  an  oscilloscope  and  TV  output 
obtained  for  a  length  of  3.2  mm.  Most  of  the  asymmetry  in  the  oscilloscope  photograph  is  due  to 
the  scanning  optics.  The  solid  curves  in  Figure  III-2(a)  are  plots  of  the  results  expected  from 
loose-coupling  theory  using  a  coupling  length  of  3.2  mm.  The  relative  power  output  of  all  three 
guides  is  a  reasonably  good  fit  to  the  approximate  power-division  equations.  At  a  length  of 
3.2  mm,  the  power  input  to  the  center  guide  is  divided  between  the  two  outside  guides,  with  min¬ 
imal  (^1  percent)  remaining  in  the  center  guide. 

With  the  effective  guide  index  method,  the  coupling  length  to  transfer  power  from  the  center 
guide  to  the  two  outside  guides  (LCy_0)  was  calculated  to  be  2.85  mm  using  the  loose-coupling 
approximation,  and  2.79  mm  using  the  actual  eigenmode  equations  to  calculate  the  propagation 
constants  of  the  modes  of  the  three-guide  coupler.  In  these  calculations,  the  average  width  of  the 
trapezoidal  ribs  (4.75  /im)  and  average  spacing  (4.25  jum)  were  used.36  The  effective  index  of  the 
epitaxial  layer  nj  was  taken40  as  3.43,  and  the  usual  free  carrier  effect  on  index  was  used  to 
determine  the  index  of  the  n+-substrate  n2.  The  agreement  between  the  calculated  and  experimen¬ 
tal  coupling  lengths  is  quite  good  (***  12.5-percent  difference).  It  is  not  clear  how  much  of  the  dif¬ 
ference  is  due  to  inherent  limitations  in  the  effective  guide  index  calculation  and  how  much  is 
due  to  the  use  of  inaccurate  waveguide  parameters. 

Figure  III-3(a)  shows  the  relative  power  out  of  each  guide  of  the  same  three-guide  coupler  vs 
length  for  power  into  an  outside  guide.  The  oscilloscope  and  TV  outputs  at  a  length  of  6.5  mm 
are  shown  in  Figure  III-3(b).  The  solid  lines  in  Figure  III-3(a)  are  plots  of  the  results  expected 
from  loose-coupling  theory  with  a  coupling  length  (L0[— 02)  tw‘ce  as  long  as  that  used  in  Fig¬ 
ure  III-2.  The  coupling  length  in  the  loose-coupling  approximation  for  complete  power  transfer 
from  one  outside  guide  to  the  other  should  be  6.4  mm.  The  data  obtained  at  a  length  of  6.5  mm, 
which  is  slightly  longer,  show  most  of  the  power  in  the  coupled  outside  guide  («*86  percent),  a 
small  amount  in  the  center  guide  («11.5  percent),  and  only  *==2.5  percent  in  the  input  outside 
guide.  Since  in  this  case  there  are  three  modes  whose  phase  velocities  are  not  related  to  each 
other  in  a  simple  way  (only  an  approximation  for  loose  coupling),  the  beats  between  these  modes 
and  therefore  the  power  transfer  are  not  expected  to  be  as  good  as  in  the  case  where  the  power 
input  was  into  the  center  guides.  Although  it  is  not  clear  why  there  is  so  much  residual  power  in 
the  center  guide  at  a  length  of  6.5  mm,  there  is  fairly  good  overall  agreement  between  the  mea¬ 
sured  relative  powers  and  those  expected  from  the  coupling  theory. 
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Figure  III-2.  (a)  Relative  output  power  out  of  each  guide  as  a  function  of  length  for  a  three-guide  coupler 
with  input  power  into  center  guide,  b)  Outputs  obtained  on  oscilloscope  and  TV  monitor  for  a  length  of 
3.2  mm. 
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Figure  III-3.  (a)  Relative  output  power  of  each  guide  as  a  function  of  length  for  a  three-guide  coupler  with 
input  power  into  one  of  outside  guides,  (b)  Outputs  obtained  on  oscilloscope  and  TV  monitor  for  a  length  of 
6.5  mm. 
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Figure  HI-4.  (a)  Relative  output  power  of  each  guide  as  a  function  of  length  for  at  two-guide  coupler,  (b) 

Outputs  obtained  on  oscilloscope  and  TV  monitor  for  a  length  of  4.9  mm. 
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For  comparison.  Figure  III-4(a)  shows  the  relative  output  of  each  guide  of  a  two-guide 
coupler  vs  length,  and  Figure  Ill-4(b)  shows  the  oscilloscope  and  TV  outputs  at  a  length  of 
4.9  mm.  The  solid  line  represents  the  power-division  equations  of  a  two-guide  coupler  with  a 
coupling  length  times  larger  than  that  of  a  three-guide  coupler  with  power  input  into  the  cen¬ 
ter  guide.  At  a  length  of  4.9  mm,  which  is  somewhat  longer  than  the  4.5-mm  coupling  length, 
there  is  still  almost  complete  power  transfer  from  one  guide  to  another. 

In  summary,  symmetrical  three-guide  couplers,  whose  behavior  closely  approximates  that 
predicted  using  an  effective-index  analytical  method,  have  been  fabricated  in  GaAs. 

J.P.  Donnelly 
N.L.  DeMeo 
G.A.  Ferrante 
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IV.  CONTINUOUS  MULTI-GIGAHERTZ  MODULATION 
OF  Q-SWITCHED  GalnAsP  DIODE  LASERS 


Diode  lasers  capable  of  producing  short  optical  pulses  at  high  rates  are  being  developed  for 
applications  in  communications  and  optical  signal  processing.  Previously  we  have  reported  the 
pulsed  operation  of  an  intracavity-loss  modulated  laser  with  a  zinc-diffused  stripe  geometry 
amplifier  section.41*42 

We  report  here  a  CW  diode  laser  with  two  electrically  isolated  buried-heterostructure  sec¬ 
tions  that  has  been  operated  with  full  on/  off  modulation  at  3  GHz.  The  device  operation  is 
based  on  a  combination  of  gain  switching  and  Q-switching  in  which  both  gain  and  loss  are 
actively  varied  in  a  modulator  section  while  an  amplifier  section  is  driven  with  a  constant  dc 
current. 

The  device,  shown  in  Figure  IV- 1 ,  is  fabricated  from  a  double-heterostructure  wafer  consist¬ 
ing  of  a  p-InP  cap  layer,  a  nominally  undoped  GalnAsP  active  region,  and  an  n+-InP  buffer 
layer  on  an  n+-InP  substrate.  The  buried  active  region  is  formed  by  an  etching  and  mass  trans¬ 
port  process.18  The  wafer  is  proton  bombarded  to  produce  a  laser  with  a  long  amplifier  section 
(*“200  /xm)  and  a  short  modulator  section  (**50  to  100  fim)  electrically  isolated  by  the  high- 
resistivity  bombarded  region  (20  ^m). 


OPTICAL 

AMPLIFIER 

SECTION 


Figure  IV-l.  Schematic  cross  section  of  a  Q-switched  diode  laser.  The  proton  bombarded  region  extends  below 
the  active  region  to  isolate  the  amplifier  and  the  modulator. 
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Figure  IV-2.  Detected  output  from  a  Q-switched  diode  laser  with  a  proton-isolated  modulator  at  3  GHz. 

About  10  mW  of  microwave  power  is  required  for  full  off/ on  modulation. 

With  uniform  dc  current  density  applied  to  each  section,  the  laser  threshold  is  as  low  as 
17  mA,  With  a  small  forward  voltage  <0.8  V  in  the  modulator,  such  that  no  significant  current 
injection  occurs,  the  laser  threshold  for  current  through  the  amplifier  is  over  60  mA,  three  times 
that  of  the  uniformly  pumped  laser. 

Full  on/off  modulation  up  to  3  GHz  has  been  seen  at  a  forward  bias  of  0.8  V  with  only 
about  10  mW  of  microwave  power  applied  to  the  modulator  and  about  60  mA  of  dc  current 
applied  to  the  amplifier  (Figure  IV-2).  As  the  amplifier  current  was  increased,  subharmonic  oper¬ 
ation  was  seen  at  1.5  GHz.  A  substantial  increase  in  the  peak  signal  level  was  noted  at  the  sub¬ 
harmonic,  an  indication  of  energy  storage  and  Q-switching. 

Under  modulation,  significant  forward  current  is  injected  into  the  modulator  section  to 
switch  the  modulator  loss  rapidly  into  gain.  A  Q-switched  pulse  can  then  rapidly  build  and  dump 
the  electron  population  in  both  sections.  Since  the  turn-on  time  of  the  modulator  is  limited  only 
by  its  capacitance  and  the  drive  current,  while  the  turn-off  time  is  dependent  on  the  stimulated 
lifetime,  operation  well  above  a  gigahertz  is  possible,  depending  on  how  hard  the  sections  are 
driven.  These  low-threshold  lasers  are  capable  of  producing  short  pulses  at  high  rates  with  low 
microwave  power  requirements. 

D.Z.  Tsang 
J.N.  Walpole 
Z.L.  Liau 
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A  novel  technique  for  GalnAsP/lnP  buried  heterostructure  laser  fabrication 

Z.  L.  LiauandJ.  N.  Walpole 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington,  Massachusetts  02 173 
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A  simple  fabrication  technique  for  GalnAsP/lnP  buried  heterostructure  lasers  has  been 
developed  based  on  a  newly  observed  mass  transport  phenomenon  on  chemically  etched  InP 
mesas.  Threshold  currents  as  low  as  9.0  mA  have  been  obtained. 

PACS  numbers:  42.55.Px,  73.40.Lq,  81.60.Hv 


In  this  letter,  we  report  the  development  of  a  novel  tech¬ 
nique  for  the  fabrication  of  GalnAsP/lnP  buried  hetero- 
structure  (BH)  lasers.  It  is  based  on  a  mass  transport  phe¬ 
nomenon  which  was  recently  observed  during  the 
fabrication  of  integrated  laser-waveguide  structures. 1  This 
technique  is  considerably  simpler  and  more  easily  controlled 
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than  previously  reported  ones,2'15  and  has  resulted  in  BH 
lasers  with  threshold  currents  as  low  as  9.0  mA. 

The  experimental  procedure  is  illustrated  in  Fig.  1.  The 
starting  wafer  was  a  double  heterostructure  one,  prepared  by 
conventional  liquid-phase  epitaxial  (LPE)  techniques  on  a 
(100)  InP  substrate.  (In  separate  experiments,  broad  area  la¬ 
ve)  1 982  American  Institute  of  Physics  568 
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la)  DOUBLE  HETEROSTRUCTURE  LASER  WAFER 


InP  Zn  CAP  L  AYER 
OXIDE  MASK  pa  5  x  IQ17  cm  3 


lb)  SELECTIVE  CHEMICAL  ETCHING 


(c)  TRANSPORT  OF  InP 


FIG.  1.  Schematic  pictures  showing  the  mesa  etching  and  the  mass  trans¬ 
port  phenomenon  which  result  in  the  buried  heterostructure.  The  transport 
of  InP  has  been  observed  after  a  heat  treatment  at  670  *C  in  H2  and  PH* 
atmosphere. 


sers  fabricated  from  similar  wafers  had  threshold  current 
densities  of  0.9  to  1.3  kA/cm2.)  Oxide-stripe  masks  5.0-6.0 
/um  wide  on  250-/zm  centers  were  first  fabricated  on  the  wa¬ 
fer,  with  the  stripes  parallel  to  either  (01 1)  or  (Oil)  crystallo¬ 
graphic  directions.  Two  steps  of  selective  chemical  etching 
were  taken  in  order  to  produce  the  mesa  structure  shown  in 
Fig.  1(b).  First,  concentrated  HC1  was  used  to  remove  the 
unprotected  InP  cap  layer.  While  being  etched,  the  wafer 
was  well  agitated  and  closely  monitored  visually  for  the 
slight  color  difference  between  the  quaternary  layer  and  the 
InP.  The  etching  was  immediately  terminated  when  the  InP 
cap  layer  was  completely  etched  through.  The  Gag  27  In0  73 
As0  63  P0  37  active  layer  thus  exposed  was  then  removed  with 
a  50-ml  aqueous  solution  of  10-g  KOH  and  0.2-g 
K3Fe(CN)6.  Additional  etching  time,  beyond  that  required 
to  remove  the  quaternary  layer,  was  sometimes  used,  de¬ 
pending  on  the  desired  amount  of  undercutting  [Fig.  1(b)]. 

After  completion  of  the  etching  steps  the  wafer  was  heat 
treated  in  the  following  manner  which  had  previously  been 
found1  to  cause  a  migration  of  InP,  and  which  resulted  in  a 
buried  heterostructure  as  illustrated  in  Fig.  1(c).  The  wafer 
was  dipped  in  buffered  HF  for  1  min  and  loaded  into  an  LPE 
system  with  a  freshly  baked  graphite  slider,  but  without  any 
growth  solution.  The  wafer  was  placed  in  a  shallow  slot  on 
the  graphite  slider  and  was  covered  by  a  graphite  plate.  The 
system  was  purged  with  H2  and  PH3  while  being  heated  to 
670  °C.  The  H2  and  PH3  flow  rates  were  chosen  so  that  al¬ 
most  no  surface  changes  were  observed  on  plain  InP  sub¬ 
strates  (except  for  regions  near  the  edges)  under  the  heating 
cycle  used  in  the  present  work.  The  system  reached  670  °C  in 


(a) 


FIG.  2.  SEM  micrographs  showing  the  chemically  etched  mesa  (a)  before 
and  (b)  after  the  transport  of  InP  The  mesa  in  (a)  is  from  a  bar  cleaved  off 
Wafer  491,  which  had  a  narrow  (1.6 //m)  mesa  top,  while  that  in  (b)  is  from 
Wafer  48 1 ,  for  which  the  mesa  top  was  wider  ( —  2.8  //m)  (see  Table  I).  These 
cleaved  facets  have  been  stained  [more  heavily  in  (b)]  in  order  to  bring  out 
the  contrast  between  GalnAsP  and  InP. 


approximately  30  min  and  stayed  at  that  temperature  for 
another  30  min  before  being  rapidly  cooled  down. 

Figure  2  shows  scanning  electron  microscope  (SEM) 
photographs  of  cleaved  and  stained  cross  sections  of  two 
different  wafers,  one  before  and  the  other  after  being  heat 
treated  in  the  LPE  system.  In  (a)  the  undercut  in  the  quater¬ 
nary  etching  was  2.2  (im  from  each  side,  leaving  a  neck¬ 
shaped  quaternary  region  of  1.0-//m  width.  In  some  wafers 
GalnAsP  strips  as  narrow  as  0.3  fim  were  obtained.  A  com¬ 
parison  of  (a)  and  (b)  shows  that  the  heat  treatment  resulted 
in  a  marked  change  in  the  mesa  shape.  The  corners  were 
eroded,  while  the  narrow  undercut  channels  were  filled  in 
with  InP.  This  phenomenon,  apparently  a  transport  of  InP, 
has  been  reproducibly  observed  in  25  runs  of  similar  experi¬ 
ments,  with  the  notable  exception  of  one  in  which  the  PH3 
flow  was  not  used.  The  transported  InP  was  generally  sym¬ 
metrical  on  the  two  sides  of  a  mesa  and  was  uniform  for 
different  mesas  on  the  same  wafer.  The  width  of  the  InP 
varied  between  0.5  and  2.0  //m,  depending  mainly  on  the 
amount  of  undercut.  The  recess  at  the  base  of  the  final  mesa 
evident  in  Fig.  2(b)  was  reduced  (or  totally  eliminated)  with  a 
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TABLE  I.  Some  properties  of  the  GalnAsP/InP  BH  lasers  fabricated  by 
the  transport  of  InP. 


Wafer 

Active  region 
widths 
(j/m) 

Lowest  threshold 

currem 

(mA) 

Device  length 
(/*m] 

475 

3.9-4.5 

33.0 

406 

476 

1. 8-2.5 

20.0 

254 

481 

0.7-1. 4 

13.8 

305 

489 

0.7-1. 5 

9.0 

279 

491 

1. 0-2.2 

58.0 

254 

smaller  initial  undercut.  Mesa  tops  which  were  initially  nar¬ 
rower  than  roughly  2  jam  were  completely  rounded  after  the 
heat  treatment,  whereas  those  which  were  wider  retained  a 
flat  top  as  in  Fig.  2(b). 

The  resulting  structure,  which  consists  of  a  GalnAsP 
strip  completely  surrounded  by  InP,  is  ideally  suited  for  the 
fabrication  of  a  buried  heterostructure  laser.  To  complete 
the  processing,  the  wafer  was  first  coated  with  oxide  and 
patterned  with  openings  on  the  mesa  tops.  After  a  zinc  skin 
diffusion  through  the  openings  in  the  oxide,  Au-Zn  alloyed 
contacts  were  made  to  the  /?*-InP.  The  wafer  was  then 
lapped  from  the  substrate  side  to  a  thickness  of  100 /zm, 
whence  a  Au-Sn  alloyed  contact  was  applied.  Next,  Ti  (200 
A)  and  Au  (500  A)  layers  were  sputter  deposited  over  the 
entire  wafer  on  the  mesa  side  to  facilitate  contacting.  Indi¬ 
vidual  BH  lasers  were  then  obtained  by  cleaving  and  saw 
cutting. 

Five  wafers  have  been  processed  for  BH  lasers.  The  ac¬ 
tive  region  widths  of  each  wafer  shown  in  Table  I  were  ob¬ 
tained  by  measurement  of  mesas  on  a  bar  cleaved  from  one 
edge  of  that  wafer.  The  BH  lasers  were  tested  in  room-tem¬ 
perature  pulsed  operation  and  showed  a  wide  range  of 
threshold  currents,  the  lowest  values  of  which  for  each  wafer 
are  also  shown  in  Table  I. 

The  lowest  threshold  current  obtained  to  date  was  9.0 
mA.  Further  reduction  could  well  be  achieved  by  using 
shorter  devices  and  narrower  active  regions.  Nevertheless, 
the  present  low  thresholds  are  already  comparable  to  or  bet¬ 
ter  than  those  obtained  by  more  conventional  fabrication 
techniques, 2-15  for  which  the  lowest  reported  value  was  10 
mA.  (Refs.  13-15).  It  is  important  to  note  that  the  new  tech¬ 
nique  described  here  is  considerably  simpler  than  those  re¬ 
ported  previously,  since  it  eliminates  the  need  for  the  LPE 
regrowth  of  burying  layers.  The  latter  not  only  requires  all  of 
the  special  precautions  for  LPE  regrowth  but  also  demands 
critical  control  of  layer  thicknesses  in  order  to  reduce  leak¬ 
age  current.  In  the  present  structure,  the  burying  sidewalls  of 
transported  InP  are  just  wide  enough  to  provide  mode  con¬ 
finement  but  narrow  enough  to  minimize  current  leakage. 
Moreover,  the  InP  transport  has  been  found  to  be  very  re¬ 
producible  and  easily  controlled. 

While  these  initial  results  are  highly  encouraging,  it 
should  be  pointed  out  that  the  yield  of  low  threshold  devices 


570  Appl.  Phys.  Lett.,  Vol.  40,  No.  7,  1  April  1982 


for  each  wafer  was  only  modest  in  this  early  stage  of  develop¬ 
ment.  We  feel  the  yield  problems  are  due  to  device  process¬ 
ing  technology  rather  than  a  fundamental  limitation  of  the 
present  structure.  For  example,  in  the  first  wafer,  cleaving 
with  the  mesa  side  up  resulted  in  bad  cleaves  for  the  laser 
mirrors.  This  was  corrected  by  cleaving  with  the  substrate 
side  up.  Improved  procedures  for  making  electrical  contacts 
with  the  mesa  tops  and  for  mechanically  protecting  the  me¬ 
sas  are  also  needed. 

With  respect  to  the  transport  of  InP,  the  driving  force 
for  the  phenomenon  is  probably  surface  energy  minimiza¬ 
tion.  It  is  also  likely  that  the  presence  of  the  PH3  plays  an 
important  role  in  the  transport  process.  However,  detailed 
study  of  the  transport  kinetics  has  not  yet  been  attempted, 
and  the  experimental  parameters  used  in  the  present  work 
were  those  for  which  the  process  was  first  observed.  To  our 
knowledge,  this  phenomenon  is  a  novel  one  and  may  find 
other  applications  in  device  fabrication. 

Note  added  in  proof.  Two  more  wafers  have  been  pro¬ 
cessed,  resulting  in  significant  improvement  in  device  yield 
and  a  lowest  threshold  current  of  6.4  mA. 

The  authors  are  indebted  to  L.  J.  Missaggia  and  D.  E. 
Mull  for  excellent  technical  assistance,  S.  H.  Groves  for  ad¬ 
vice  on  the  PH3  system,  G.  W.  Iseler  for  InP  substrates,  D.  Z. 
Tsang  for  discussions,  P.  M.  Nitishin  for  part  of  the  SEM 
work,  and  C.  E.  Hurwitz,  R.  C.  Williamson,  and  I.  Melngai- 
lis  for  encouragement.  This  work  was  supported  by  the  De¬ 
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The  technology  for  fabricating  laser  diodes,  detec¬ 
tors,  and  optical  waveguides  in  GalnAsP/ TnP  epi 
Key  words:  chemical  etching,  selective  etch,  InGaAsP,  InP. 


taxial  wafers  requires  the  use  of  suitable  etching 
techniques  for  providing  smooth  damage-free  sur¬ 
faces,  precise  pattern  geometries,  and  preferential  and 
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reproducible  removal  of  specific  layers.  Several  pre¬ 
vious  publications  have  reported  slow  controllable 
etches  for  InP  (1-4)  and  etches  for  selectively  re¬ 
moving  InP  layers  grown  over  GalnAsP  (5).  Several 
etches  have  been  used  to  selectively  (6-9)  etch 
GalnAsP  on  InP,  but  only  a  limited  amount  of  in¬ 
formation  on  etch  rate  and  the  degree  of  selectivity 
has  been  reported.  This  paper  presents  etch  rate  and 
surface  morphology  results  obtained  using  a  dilute 
sulfuric  acid,  hydrogen  peroxide,  and  water  etch, 
which  has  proven  to  be  a  slow  selective  etch  for 
GalnAsP. 

Slow  controllable  etches  suitable  for  removing  thin 
layers  of  InP  are  generally  not  usable  with  GalnAsP. 
For  example,  we  found  that  iodic  acid  etches  (2) 
GalnAsP  in  a  nonuniform  manner,  leaving  very  badly 
pitted  surfaces.  Potassium-ferrocyanide  potassium- 
hydroxide  solutions,  which  are  often  used  to  delineate 
p-n  junctions  in  the  I1I-V  compounds,  etch  GalnAsP 
faster  than  InP  and  have  been  used  as  selective  etches 
(6,  7).  The  etch  rates  for  most  GalnAsP  compositions 
tend  to  be  fairly  fast  (greater  than  several  /mi/min) 

(7) .  In  addition,  the  etch  rates  and  resultant  selec¬ 
tivity  appear  to  depend  on  the  doping  of  the  InP  and 
GalnAsP,  as  well  as  the  composition  of  the  etch 
solution,  and  little  information  on  these  variations 
has  been  published. 

Sulfuric  acid-peroxide-based  etches,  which  are 
commonly  used  as  fast  polishing  etches  for  GaAs,  etch 
InP  only  slowly  (10).  For  example,  we  have  found 
that  a  3  H2SO4: 1  H202: 1  H2O  solution  at  room  tem¬ 
perature  etches  InP  at  about  200  A/min.  This  etch 

(8)  has  been  used  to  etch  GalnAsP  on  InP,  since  the 
etch  rate  increases  with  increasing  amounts  of  Ga 
and  As  in  the  material.  A  1  H2S04:6  H202: 10  H20 
solution  at  50° C  has  been  used  to  etch  mesas  in 
GalnAs  on  InP  (9).  In  both  cases,  details  of  the  etch 
rate  and  selectivity  were  not  reported.  We  have  found 
that  by  decreasing  the  relative  volume  of  H2S04 
compared  to  the  standard  GaAs  etches  and  increasing 
that  of  water,  while  leaving  that  of  H202  fixed,  the 
etch  rate  in  InP  can  be  reduced  to  a  negligible  value 
while  maintaining  a  reasonable  etch  rate  for  most 
GalnAsP  lattice-matched  compositions,  except  those 
very  close  to  InP.  As  shown  below,  a  1  H2S04:1 
H202: 10  H20  solution  at  room  temperature  appears 
to  be  particularly  suitable  as  a  slow  selective  etch 
for  the  most  commonly  used  GalnAsP  compositions. 

The  samples  used  in  these  experiments  were  (100) 
liquid  phase  epitaxial  (LPE)  grown  GalnAsP/InP 
heterojunction  wafers  in  which  the  quaternary  com¬ 
position  was  either  Gao.27Ino.73Aso.e3Po. 37  (having  a 
bandgap,  Eg ,  of  0.95  eV,  X  =  1.3  ^m),  Gao.17Ino.83Aso.59- 
Po.ei  (Eg  zz  1.08  eV,  X  zz  1.15  Mm),  or  Gao.ioIno.ooAso.oi” 
Po.96  (Eg  1.24  eV,  X  =r  1.04  /urn) .  Each  etch  solution 
used  was  placed  in  a  clean  200  ml  Pyrex  beaker  which 
was  modified  for  mounting  a  microscope  slide  inside. 
Since  a  great  deal  of  heat  is  generated  when  sulfuric 
acid  etches  are  mixed,  some  care  must  be  taken  to 
insure  that  the  solution  returns  to  room  temperature, 
21°  ±  1°C,  before  etching  samples.  If  this  is  not  done, 
higher  etch  rates  than  reported  in  this  paper  will  be 
obtained.  The  solution  was  stirred  continuously  by 
means  of  a  Teflon-coated  magnetic  stirrer.  Part  of 
each  sample  to  be  etched  was  masked  with  Si02  to 
provide  a  step  in  order  to  measure  etch  depth.  For 
etching,  the  sample  was  mounted  on  a  microscope 
slide  using  Apiezon  wax.  After  etching,  the  mask  was 
removed,  the  sample  rinsed,  dried,  and  inspected.  The 
etch  depth  was  measured  with  a  Dek-tak  surface 
profiler. 

The  etch  depth  vs.  etch  time  obtained  on  a  (100) 
Gao.127Ino.73Aso.63P0.37  (X  z=  1.3  txm)  sample  in  a  1 
H2S04: 1  H202: 10  H20  room  temperature  solution  is 
shown  in  Fig.  1.  As  determined  from  this  data,  the 
etch  rate  is  a  very  constant  1000  A/min.  The  etched 
GalnAsP  surface  appeared  to  be  free  of  any  etch 


ETCH  TIME  (min) 

hg.  I.  The  etch  depth  vs.  etch  time  obtained  an  a 
Gao.27lno.73Aso.s3Po.37  (X  =  1.3  Mm)  layer  etched  in  a  room  tem¬ 
perature  1  H2S04:1  H2O2:10  H20  solution. 

GaO  27,nO  73As0  63P0 .37 

-  NO  ETCH 


10  min  ETCH 


5  min  ETCH 


InP  Cap  LAYER 

Fig.  2.  Photomicrograph  of  a  Gao.27lno.73Aso.63Po.37/lnP  double 
heterajunction  wafer  in  which  most  of  the  top  InP  was  removed  in 
concentrated  HCI  and  different  areas  of  the  quaternary  layer 
etched  for  the  times  indicated  (no  etch,  5  min  etch  and  10  min 
etch)  in  a  1  H2S04:1  H2O2:10  H20  solution. 


related  defects.  Figure  2  shows  a  photomicrograph  of 
a  double  heterojunction  wafer  in  which  the  top  InP 
layer  was  removed  from  most  of  the  wafer  using  con¬ 
centrated  HCI,  a  selective  etch  which  etches  (100) 
InP  at  5.4  Mm/min  while  having  a  negligible  etch  rate 
on  1.3  fin i  bandgap  GalnAsP.  Different  areas  of  the 
GalnAsP  layer  were  then  etched  for  different  times 
using  1  H2S04:1  H202: 10  H20.  The  etched  surfaces 
have  the  same  surface  texture  as  the  originally  ex¬ 
posed  quaternary  surface. 

Table  I  lists  the  etch  rate  measuered  for  several  dif¬ 
ferent  GalnAsP  compositions  and  InP.  The  errors  in 
the  etch  rates  are  estimated  to  be  less  than  ±10  A/ 
min.  For  (100)  Gao.17Ino.83Aso.59Po.6i  (X  ±  1.15  Mm), 
the  etch  rate  is  420  A/min,  while  for  (100) 
Ga0.10In9.90As001P0.96  (X  =  1.04  Mm),  the  etch  rate  de¬ 
creases  further  to  75  A/min.  The  etch  depth  on  (100) 
InP  could  not  be  measured  after  an  hour’s  etch  time 
although  a  fine  demarcation  line  between  the  etched 
and  unetched  areas  of  the  samples  was  observed.  The 
surface  quality  of  the  InP  exposed  to  the  dilute  sul¬ 
furic  acid  etch  was  good  (see  InP  surface  in  Fig.  2, 
which  was  exposed  to  the  dilute  sulfuric  acid  etch). 
The  same  result  was  obtained  on  (100) -oriented  liq- 


Table  I.  Etch  rate  of  InP  and  various  compositions  of  GalnAsP 
in  a  1  H2SOi:1  H2O2:10  H20  solution  at  room  temperature 


Material 


Etch  rate 


(100)  Gao  nlno  raAso  «iPo  S7  (X  =  1.3  nm) 
(100)  Gao.  17Ino.fsAso.rvPo 01  (X  =  1.15  Mm) 
(100)  Gao-ioIno  ooAso  o<Po  w  (X  =  1.04  Mm) 
(100)  InP 
(1111B  InP 


1000  A/mln 
420  A/mln 
75  A/mln 
Negligible 
30  A/min 
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uid  encapsulated  Czochralski  (LEC)  InP  samples 
doped  with  either  Zn  and  Sn  to  concentrations  greater 
than  1018  cm~3,  On  (111) B  InP,  however,  an  etch  rate 
of  **30  A/min  was  measured.  The  higher  etch  rate  on 
the  (lll)B  plane  is  consistent  with  the  results  re¬ 
ported  in  Ref.  (9). 

In  conclusion,  a  room  temperature  solution  of 
1  H2S04:1  H2O2: 10  H2O  etches  (100)  InP  at  a  neg¬ 
ligible  rate  while  it  etches  most  lattice-matched  com¬ 
positions  of  GalnAsP  at  a  reasonable  rate  leaving  a 
good  surface  morphology.  This  etch  should  prove 
useful  as  a  slow  selective  etch  in  a  variety  of  applica¬ 
tions. 
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Three-Guide  Optical  Couplers  in  GaAs 

JOSEPH  P.  DONNELLY,  member,  ieee,  NICHOLAS  L.  DeMEO,  JR.,  and  GUISEPPE  A.  FERRANTE 


.dtotaicf-Three-guide  optical  couplers  consisting  of  three  4.75-/im- 
wide  slab -coupled  rib  guides  separated  by  4.25  /im  have  been  fabricated 
in  GaAs.  The  performance  of  these  couplers  at  1 .28  /im  is  in  close  agree¬ 
ment  with  that  predicted  using  a  modified  effective-index  method  to 
obtain  an  approximate  analytical  solution  for  this  type  of  coupler.  The 
coupling  length  needed  to  symmetrically  transfer  power  from  the  center 
guide  to  the  twq  outside  guides  was  3.2  mm.  At  this  length, less  than 
1  percent  of  the  power  remained  in  the  center  guide.  The  length  needed 
to  transfer  power  from  one  outside  guide  to  the  other  outside  guide  was 
*6.4  mm,  which  is  *\/T  times  that  of  a  similar  two-guide  coupler  and 
twice  that  required  to  couple  power  from  the  center  guide  to  the  two 
outside  guides.  The  power  transfer  efficiency  in  this  case  is  not  as  good 
as  when  power  was  inputted  into  the  center  guide.  Three-guide  couplers 
of  this  type  should  prove  useful  as  power  dividers  and  combiners,  espe¬ 
cially  in  cases  where  waveguide  bend  losses  preclude  the  use  of  “In¬ 
junctions.  They  may  also  prove  useful  as  replacements  for  two-guide 
couplers  where  either  sharper  transfer  characteristics  are  desired  or 
where  osses  due  to  waveguide  bends  are  again  unacceptable. 

I.  Introduction 

PTICAL  COUPLERS  are  an  important  component  of 
almost  all  integrated  optical  circuit  concepts.  There  has 
been  a  fair  amount  reported  on  two -guide  optical  couplers 

Manuscript  received  December  9,  1983;  revised  February  17,  1983. 
This  work  was  supported  by  the  Department  of  the  Air  Force. 

The  authors  are  with  the  Lincoln  Laboratory,  Massachusetts  Institute 
of  Technology,  Lexington,  MA  02173. 


including  experimental  results  on  couplers  fabricated  on  GaAs 
[1]  -[9] ,  InP  [10] ,  and  GalnAsP  [11].  Work  reported  to  date 
on  three-guide  couplers  has  been  theoretical  [12] ,  [13] .  When 
used  to  couple  power  from  one  outside  guide  to  the  other  out¬ 
side  guide,  the  three-guide  coupler  has  sharper  transfer  charac¬ 
teristics  than  a  similar  two -guide  coupler  and  it  has  been  pro¬ 
posed  to  use  this  feature  for  improved  sampling  and  filtering 
[13].  Another  possible  application  of  three-guide  couplers  is 
their  use  as  symmetrical  power  dividers  and  combiners.  In  this 
paper,  we  first  discuss  a  three-guide  optical  coupler  theory  ap¬ 
plicable  to  our  experimental  structures  and  then  present  ex¬ 
perimental  results  on  three-guide  couplers  comprised  of  equally 
spaced  slab-coupled  rib  waveguides,  in  GaAs.  A  comparison 
with  two-guide  couplers  fabricated  on  the  same  v/afer  will  also 
be  given. 

II.  Theory 

The  symmetrical  three-guide  couplers  used  in  these  experi¬ 
ments  are  composed  of  three  slab-coupled  rib  waveguides  in 
close  proximity  as  shown  in  Fig.  1(a).  The  individual  wave¬ 
guides  were  designed  to  be  single  mode  [14]  and  consist  of  a  rib 
etched  in  a  nominally  undoped  n“-GaAs  epitaxial  layer  grown 
on  an  n*-GaAs  substrate.  Details  of  the  fabrication  are  given 
later  in  the  paper.  As  indicated  in  Fig.  1(b),  the  refractive  in¬ 
dex  of  the  epilayer  r\\ ,  is  higher  than  that  of  the  substrate  n2. 
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(a) 


(b) 


Fig.  1.  (a)  Photomicrograph  of  cleaved  cross  section  of  GaAs  three- 
guide  coupler.  The  sample  has  been  treated  with  a  stain/etchant  to 
reveal  the  n“-n+  interface.  The  scale  on  the  photomicrograph  is  1  /urn/ 
div.  (b)  Schematic  cross  section  of  three-guide  coupler  with  rectangular 
ribs  of  a  width  equal  to  the  average  width  (same  cross-sectional  area) 
of  the  actual  guides.  The  regions  I  and  11  are  modeled  as  slab  wave¬ 
guides  to  determine  the  effective  guide  index  in  different  portions  of 
the  n"- layer. 


which  in  turn  is  higher  than  air  n0  =  1 .  The  width  W  of  the 
rib  shown  in  Fig.  1(b)  is  the  average  width  of  the  experimental 
trapezoidal  ribs,  i.e.,  the  areas  of  the  ribs  are  the  same  [14] . 

Since  an  exact  analysis  of  these  three-guide  couplers  is  not 
possible,  an  extension  of  the  effective -index  method  [15],  [16] 
has  been  used  to  obtain  an  approximate  analytic  solution  and 
some  insight  into  device  behavior.  Using  this  method,  the 
coupler  is  divided  into  regions  I  and  II,  ^s  shown  in  Fig.  1(b), 
and  each  region  is  assumed  to  be  a  slab  guide  of  infinite  extent 
in  the  x-direction.  Specifically,  region  I  is  assumed  to  be  a 
three-layer  slab  guide  consisting  of  an  n^-substrate,  an  n~-epi- 
layer  of  thickness  //,  and  air(fl0  =  1),  while  region  II  is  assumed 
to  be  a  similar  three-layer  slab  with  n“-epilayer  thickness  T. 
The  effective  guide  indexes,  ngl  and  ng]1,  are  then  obtained  by 
calculating  the  propagation  constant  or  phase  velocity  = 
2mgx  n/A  (where  A  is  the  wavelength  of  light)  for  the  lowest 
order  mode  for  each  slab  waveguide  (both  regions  only  sup¬ 
ported  a  single  mode  in  the  experimental  couplers)  using  the 
usual  asymmetrical  three-layer  slab  guide  eigenvalue  equation 
[17],  [18].  Since  the  experimental  data  presented  later  in 
this  paper  was  obtained  with  quasi-TE  modes,  i.e.,  the  major 
transverse  electric  field  component  was  in  the  ^-direction  (see 
Fig.  1),  the  solution  appropriate  for  TE  modes  was  used  in 
this  part  of  the  problem. 

The  coupler  was  then  analyzed  by  modeling  it  as  a  seven- 
layer  structure  of  infinite  extent  in  the  y- direction  with  index 
ng j  in  the  guiding  regions  and  ngu  outside  the  guiding  regions, 
as  shown  in  Fig.  2(a).  This  part  of  the  analysis  follows  that 
given  by  Iswaki  et  al.  [12]  who  analyzed  the  slab  waveguide 
case  for  TE  modes.  The  width  of  the  guide  is  W  =  2d  and  the 
separation  between  guides  is  S  =  2a.  If  the  individual  isolated 
guides  are  single  moded,  this  three-guide  coupler  has  three 
normal  modes,  as  depicted  in  Fig.  2(b).  Letting  K  be  the 


Fig.  2.  (a)  Effective-index  model  of  the  three-guide  coupler,  (b)  Three 
normal  modes  of  the  three-guide  coupler. 


transverse  wavenumber  (in  the  ^-direction)  of  the  fields  in  the 
guides  and  y  the  transverse  attenuation  coefficient  in  the  sur¬ 
rounding  media  (as  indicated  in  Fig.  2(b)),  the  eigenvalue  equa¬ 
tion  for  each  mode  can  be  found  from  the  set  of  equations 
obtained  by  equating  the  tangential  field  components  at  each 
boundary.  The  calculation  can  be  significantly  simplified  by 
using  the  symmetry  of  the  modes.  For  the  two  symmetric 
modes  (modest  and  B ),  the  resulting  eigenvalue  equation  is 

(K  tan  Kd  -  ryf  (K  +  ry  tan  Kd)  =e-4ya  .  . 

(A-  tan  Kd+n)(K2 +r2y2)  tun  Kd  6  1 

where  r  =  1  for  TE  modes  and  r  =  (ngl/ngn)2  for  TM  modes. 
Since  the  major  transverse  component  of  the  electric  field  for 
the  experimental  data  is  in  the  x- direction,  it  is  appropriate 
to  use  the  solution  for  TM  modes  in  this  part  of  the  problem. 
(Note  that  for  these  slab- coupled  guides  1  even  for  TM 
modes,  so  there  is  little  difference  between  the  TE  and  TM 
solution.)  The  attenuation  coefficient  y  and  propagation 
constant  or  phase  velocity  0  of  the  fields  are  related  to  K  by 

7  =  (k\  ~  k\  -  K2)1!2 
and 

0  =  (k\  -  K2)1'2 


(2) 

(3) 


where  k1>2  =(2it/X)ngln. 

Equation  (1)  has  two  solutions,  one  corresponding  to  the  A 
mode  and  one  corresponding  to  the  B  mode  (see  Fig.  2(b)). 
For  the  A  mode 


Ka  <KQyyA  >7o 
and 


Pa  >0o 
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where  the  A  subscript  represents  values  appropriate  to  the  A 
mode  and  the  0  subscript  represents  values  appropriate  to  the 
mode  of  a  single  isolated  slab  guide  of  index  ng[  in  the  guiding 
region  and  ngu  outside  the  guiding  region  [11],  [16],  [17]. 
For  the  B  mode 

Kb  >Kq^b  <7o 
and 


Pb  ^Po 

where  the  B  subscript  represents  values  appropriate  to  the  B 
mode. 

For  the  antisymmetric  mode  (mode  C),  the  eigenvalue  equa¬ 
tion  is 

(K  tan  Kd  -  ry)(K  +  ry  tan  Kd) 2  =  ^-4ya  ^ 

(K  -  ry  tan  Kd)(K2  +r2y2)  tan  Kd  6  ^ 

This  equation  has  one  solution.  The  propagation  constant 
of  the  C  mode,  Pc,  can  either  be  larger  or  smaller  than  0O  de¬ 
pending  on  guide  parameters,  but  the  difference  \($c  ~  Po  |  is 
much  smaller  than  PA  -  0O  or  /30  -  Pb  • 

For  loose  coupling,  i.e.,  when  exp  (-2y0a)  is  small,  the  phase 
velocities  of  the  modes  are  only  slightly  perturbed  from  those 
of  a  single  isolated  guide. 

In  this  case,  ±  A  and,  therefore,  K^Kq  T  A(50/K0 

and  7  ^  70  ±  A0O/7O.  Substituting  K  and  y  into  (1),  (2),  and 
(3),  we  obtain 


Pa  =  Po  +  A  (5a) 

Pb  =  Po  ~  A  (5b) 


where 


A  = 


VlrKlyl 


Po{r(K20+yl)HKo+r2yl)y0d] 


;  exp  (-  2y0a).  (6) 


It  should  be  noted  that  A  is>/2  times  larger  than  the  change 
in  phase  velocities  obtained  when  the  same  type  analysis  is  per¬ 
formed  on  a  similar  two-guide  coupler  [12] . 

Similarly 


Pc  =00  +0 


(7) 


where 


rKlyl  (Kl  -  r2?o)  exp  (-47oa)  _ 

Po(Kl  +  r2yl)  [r(ATg  +  7o)  +  (*o  +  raTo)  7orf] 


Note  that  o  is  much  smaller  than  A  and  can  usually  be  neglected . 
If  a  is  neglected,  the  results  are  the  same  as  those  obtained  us¬ 
ing  the  coupled-mode  theory  [13] ,  which  neglects  the  coupling 
between  the  two  outside  guides. 

To  see  how  the  three-guide  coupler  will  work  under  various 
inputs,  two  cases  will  be  examined:  1)  input  power  into  the 
center  guide  and  2)  input  power  into  one  of  the  outside  guides. 

With  power  input  into  the  center  guide,  only  the  A  and  B 
modes  are  excited,  such  that  at  z  =  0,  their  fields  are  in-phase, 
i.e.,  additive  in  the  center  guide  and  subtractive  in  the  outside 
guides.  Since  A  and  B  have  different  phase  velocities,  at  some 
point  z  down  the  guide  they  will  be  180°  or  7r  rad  out  of  phase, 
i.e.,  their  fields  will  be  subtractive  in  the  center  guide  and  addi¬ 


tive  in  the  two  outside  guides.  This  occurs  at  multiples  of  the 
coupling  length,  which  is  given  by 

IcT-°'wrw'  <9> 

In  the  loose  coupling  approximation  (PA  -  PB)  =  2  A  and 

LcT-+o**Yb'  0°) 

The  power  in  each  guide  as  a  function  of  distance  down  the 
guide  can  be  calculated  in  a  straightforward  manner.  The  re¬ 
sult  in  the  general  case,  however,  is  somewhat  complex.  With¬ 
out  going  into  this  detail,  insight  into  the  three-guide  coupler 
can  be  gained  by  assuming  that  the  transverse  field  shapes  of 
the  two  modes  in  the  individual  guides  are  not  perturbed  sig¬ 
nificantly  from  those  of  a  single  isolated  guide.  This  assump¬ 
tion  is  less  stringent  than  that  required  for  true  loose  coupling, 
i.e.,  when  (5)  to  (8)  are  valid.  With  this  assumption,  the  powers 
in  the  center  guide  Per  and  the  two  outside  guides,  Pox  and 
Pq2  ,  as  a  function  of  distance  are  given  by 

Per  «An  cos2  2  (11a) 

and 

Po i  =  P02  *  (An/2  )  sin2  z  01b) 

where  P ^  is  the  input  power  to  the  center  guide  In  the  true 
loose- coupling  case,  A  =  (/3j4  -  ($BI 2)  can  be  substituted  in 
(11a) and  (lib). 

Note  that  since  the  shapes  of  the  two  modes  are  perturbed 
from  those  of  a  single  isolated  guide,  complete  cancellation 
between  modes  in  any  guide  is  never  possible  but  only  a  good 
approximation.  The  looser  the  coupling,  the  more  accurate 
the  approximation,  but  also  the  longer  the  coupling  length  (at 
least  over  most  of  the  range  (1  la)  and  (lib)  are  valid).  Some 
compromise  between  power  transfer  efficiency  and  coupling 
length  is  possible  when  the  three-guide  coupler  is  used  with 
power  input  to  the  center  guide. 

Since  these  couplers  are  bilateral,  equal  in-phase  inputs  to 
the  outside  guide  will  result  in  power  transferring  to  the  center 
guide  in  a  coupling  length.  Symmetrical  three-guide  couplers 
can,  therefore,  be  used  as  both  power  dividers  and  combiners, 
with  characteristics  similar  to  ‘T”-junctions. 

With  excitation  to  the  center  guide,  the  power  division 
equations  are  qualitatively  the  same  as  those  obtained  for  a 
symmetrical  two-guide  coupler  except  that  in  the  case  of  the 
two-guide  couplers,  all  the  coupled  power  is  contained  in  the 
single-coupled  guide.  Since,  in  the  loose-coupling  case,  A  for 
the  three-guide  couplers  is  \fl  times  larger  than  that  of  a  two- 
guide  coupler,  the  coupling  length  LCt->  o  *s  shorter  than  that 
of  a  two-guide  coupler  by  a  factor  of  l/\/2. 

With  input  power  into  one  of  the  outside  guides  of  a  three- 
guided  coupler,  the  situation  is  more  complex.  At  z  s  0,  modes 
A  and  B  are  excited  out  of  phase  such  that  they  are  subtractive 
in  the  center  guide  and  additive  in  the  two  outside  guides. 
Mode  C  is  excited  so  it  is  additive  to  the  sum  of  modes  A  and 
B  in  the  r  .put  outside  guide  and  subtractive  in  the  other  out- 
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TV  MONITOR 


side  guide.  Again  assuming  that  the  shapes  of  the  different 
modes  in  the  individual  guides  are  not  perturbed  significantly 
from  those  of  a  single  isolated  guide,  the  powers  in  the  input 
outside  guide  ^0.  ,  the  center  guide  P CT  >  and  the  coupled  out¬ 
side  guide  P02 ,  are  given  approximately  by 


}z  +  COS(ft4  -  0c)  Z 

+  COS  (Pc  -  0fl)zj 

(12a) 

(12b) 

z  -  cos  (PA  -  0c)  Z 

-  cos  (Pc  -  • 

(12c) 

To  obtain  good  beats  in  the  outside  guides  with  distance  down 
the  coupler,  the  phase  velocities  of  the  three  modes  must  be 
related  to  each  other  in  some  simple  fashion.  This  is  true  in 
the  loose- coupling  case,  where  PA  +  A,  &  p0  -  A  and 
Pc  ^  P o  •  The  powers  in  the  three  guides  are  then  given  approxi¬ 


mately  by 

P01  **  CPin/4)(1  +  cos  A z)2  =  Pm  cos4  (Az/2)  (13a) 

Per  **  (An/2)  sin2  Az  (13b) 

Pq2  »  (An/4)(1  -  cos  Az)2  =  Pin  sin4  (Az/2).  (1 3c) 

With  this  approximation,  power  is  transferred  from  the  input 
outside  guide  to  the  coupled  outside  guide  in  a  length 

^01 -02  =tt/A.  (14) 


This  coupling  length  is  twice  that  required  to  symmetrically 
transfer  power  from  the  center  guide  to  the  two  outside  gudes 
and  is  \fl  times  that  required  for  power  transfer  in  a  two-guide 
coupler  [11],  [12],  Since  there  are  three  modes  involved,  this 
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approximation,  valid  only  for  loosely  coupled  guides,  is  not 
expected  to  be  as  good  as  for  the  case  where  power  is  input 
into  the  center  guide. 

111.  Fabrication 

As  previously  noted,  the  symmetric  three-guide  couplers 
studied  in  this  work  were  fabricated  entirely  in  GaAs  and  com¬ 
prised  of  three  closely  spaced  slab-coupled  rib  waveguides 
etched  in  an  n“-GaAs  epilayer  on  an  n+-GaAs  substrate.  The 
waveguides  were  fabricated  by  growing  an  unintentionally 
doped  GaAs  layer  by  standard  vapor-phase  epitaxial  technique 
on  a  (lOO)-oriented  2  X  1018  cm*3  n+-substrate.  The  epitaxial 
layer  was  n-type  with  a  carrier  concentration  of  1  X  1015  cm*3 
and  had  a  thickness  of  4.2  jim.  The  ribs  or  guides  were  formed 
by  first  defining  stripes  in  a  «300-A  evaporated  Ti  layer  using 
standard  photolithographic  and  liftoff  techniques.  For  the 
guides  reported  in  this  paper,  the  stripes  were  oriented  along  a 
(Oil)  direction.  Stripes  for  symmetric  three-guide  couplers, 
two-guide  couplers  and  single  isolated  guides  were  intermixed 
on  the  wafer  for  testing  purposes.  The  n*-epitaxial  layer 
was  then  etched,  using  the  Ti  as  an  etch  mask,  in  a  cooled 
1  H2SO4  :8  H202  : 1  H20  solution  to  an  etch  depth  of  1 .5  /im 
[19],  resulting  in  single-mode  operation  of  the  single  isolated 
guides.  The  Ti  was  then  removed  in  buffered  HF.  A  resultant 
three-guide  coupler  is  shown  in  Fig.  1(a).  Note  that  due  to 
undercutting  the  ribs  are  actually  trapezoidal  in  shape.  The 
mean  width  of  a  rib  is  4.75  jim  and  the  mean  spacing  or  separa¬ 
tion  between  ribs  is  4.25  jim.  After  the  ends  were  cleaved,  the 
sample  was  mounted  on  a  high-performance  translation-rotary 
stage  for  optical  evaluation.  Following  evaluation  at  one  length, 
the  sample  was  cleaved  to  a  shorter  length  and  the  evaluation 
repeated. 

.IV.  Experimental  Procedures 

The  experimental  setup  used  to  test  the  couplers  is  shown  in 
Fig.  3.  Measurements  were  made  using  an  end-fired  coupling 
scheme  [4] .  Radiation  from  a  single-mode  CW  GalnAsP/lnP 
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(C) 

Fig.  4.  Typical  outputs  obtained  on  the  oscilloscope  and  TV  monitor 
for  a  three-guide  coupler  with  (a)  input  power  into  the  left  outside 
guide,  (b)  input  power  into  the  center  guide,  and  (c)  input  power  into 
the  right  outside  guide.  The  length  of  the  guide  was  1.7  mm. 


double-heterojunction  laser  operating  at  1.28  fim  was  colli¬ 
mated,  passed  through  a  polarizer,  aperture,  and  neutral  density 
filter  and  focused  on  the  cleaved  input  face  of  the  waveguide 
sample  using  a  microscope  objective.  The  electric  field  of 
the  input  light  was  polarized  parallel  to  the  plane  of  the  slab. 
The  input  from  the  waveguide  sample  was  focused  by  a  beam¬ 
splitting  microscope  into  two  images.  One  output  image  went 
to  an  infrared  TV  camera  system  and  the  other  image  was 
passed  through  a  pin-hole  aperture  onto  a  Ge  photodiode. 
The  output  image  could  either  be  scanned  across  the  pin-hole 
aperture  using  a  scanning  mirror  or  the  aperture  could  be  pre¬ 
cisely  translated  across  the  image.  When  the  scanning  mirror 
was  used,  the  output  of  the  Ge  detector  could  be  displayed  on 
an  oscilloscope  as  a  function  of  effective  position.  For  pur¬ 
poses  of  comparison,  single  isolated  guides  and  three-,  and  two- 
guide  couplers  were  evaluated.  For  the  three-guide  couplers, 
measurements  were  taken  with  the  input  power  focused  se¬ 
quentially  on  the  center  guide  and  both  outside  guides.  Fig.  4 
shows  typical  results  obtained  on  a  three-guide  coupler.  This 
coupler  had  a  length  of  1 .7  mm.  Fig.  4(a),  4(b),  and  4(c)  show 
the  outputs  obtained  for  power  into  the  left  outside  guide, 
the  center  guide,  and  the  right  outside  guide,  respectively.  The 
output  observed  on  the  oscilloscope  using  the  scanning  mirror 
is  shown  on  the  left,  while  the  picture  observed  in  the  TV 
monitor  is  shown  on  the  right.  Note  that  the  scanned  mirror 
system  introduces  a  slight  asymmetry  making  the  output  of 
the  left  guide  look  slightly  wider  and  lower  than  the  output  of 
the  right  outside  guide. 


V.  Results 

For  the  isolated  single  guides,  a  single  intensity  maximum 
was  observed  under  the  rib  as  expected,  since  the  guides  were 
designed  for  single-mode  operation  [14].  Measurements  in- 
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Fig.  5.  (a)  Relative  output  power  out  of  each  guide  as  a  function  of 
length  for  a  three-guide  coupler  with  input  power  into  the  center 
guide,  (b)  The  outputs  obtained  on  the  oscilloscope  and  TV  monitor 
for  a  length  of  3.2  mm. 


dicated  that  the  loss  in  the  three-guide  couplers  was,  within 
experimental  error  (±0.2  cm'1),  the  same  as  that  of  the  single 
isolated  guides,  and  at  1.28  Jim  was  about  1  cm  1 . 

The  outputs  of  the  two-  and  three-guide  couplers  as  a  func¬ 
tion  of  length  were  in  good  agreement  with  that  expected 
from  theory.  The  best  fit  to  the  experimental  data  gave  a 
coupling  length  for  symmetrically  transferring  power  from  the 
center  guide  of  a  three-guide  coupler  to  the  two  outside  guides 
Lct-+  o  of  «3.2  mm.  Fig.  5(a)  shows  the  relative  power  out 
of  each  guide  of  a  three-guide  coupler  versus  length  for  power 
input  into  the  center  guide.  Also  shown  (Fig.  5(b))  is  the  os¬ 
cilloscope  and  the  TV  output  obtained  for  a  length  of  3.2  mm. 
Most  of  the  asymmetry  in  the  oscilloscope  photograph  is  due 
to  the  scanning  optics,  as  previously  mentioned.  The  solid 
curves  in  Fig.  5(a)  are  plots  of  (11(a))  and  (11(b))  for 
(PA  -  PbI2)  =  (w/2)/(3.2  mm).  The  relative  power  out  of  all 
three  guides  is  a  reasonably  good  fit  to  the  approximate  power 
division  equations.  At  a  length  of  3.2  mm,  the  power  input 
to  the  center  guide  is  divided  between  the  two  outside  guides, 
with  minimal  power  (<1  percent)  remaining  in  the  center  guide. 

Using  the  effective-guide-index  method  described  in  Section 
II,  the  coupling  length  to  transfer  power  from  the  center  guide 
to  the  two  outside  guides  Lct-+  o  was  calculated  to  be  2.85  mm 
using  the  loose-coupling  approximation  in  (6)  ana  (10)  and 
2.79  mm  using  the  more  exact  approximation  in  (1)  and  (9). 
In  these  calculations,  the  average  width  of  the  trapezoidal  ribs, 
4.75  Jim,  and  average  spacing,  4.25  /Lxm,  were  used  [14] .  The 
effective  index  of  the  epitaxial  layer  nx  was  taken  [20]  as 
3.43  and  the  usual  free-carrier  effect  on  index  was  used  to 
determine  the  index  of  the  n+-substrate  The  agreement 
between  the  calculated  and  experimental  coupling  lengths  is 
quite  good  («1 2. 5-percent  difference).  It  is  not  clear  how 
much  of  the  difference  is  due  to  inherent  limitations  in  the 
effective-guide-index  calculation  and  how  much  is  due  to  the 
use  of  inaccurate  waveguide  parameters.  Using  values  obtained 
from  the  effective-guide-index  method,  it  would  appear  that 
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FOR  6  5  mm  LENGTH: 
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Fig.  6.  (a)  Relative  output  out  of  each  guide  as  a  function  of  length  for 
a  three-guide  coupler  with  input  power  into  one  of  the  outside  guides, 
(b)  The  outputs  obtained  on  the  oscilloscope  and  TV  monitor  for  a 
length  of  6.5  mm. 


FOR  4.9  mm  LENGTH: 


ti  ti 

COUPLED  INPUT  COUPLED  INPUT 


(b) 

Fig.  7.  (a)  Relative  output  power  of  each  guide  as  a  function  of  length 
for  a  two-guide  coupler,  (b)  The  outputs  obtained  on  the  oscilloscope 
and  TV  monitor  for  a  length  of  4.9  mm. 


the  guides  can  be  considered  only  marginally  loosely  coupled 
since  exp  (-2 y0a)  «  0.18  and  the  more  exact  differences  in  0, 
(Pa  ”  A>)  and  (0O  -  pB)  differ  by  about  20  percent.  The 
slightly  longer  experimental  coupling  length  means  that  the 
coupling  between  guides  is  slightly  less  (»12.5  percent)  than 
calculated.  Furthermore,  the  good  power  transfer  from  the 
center  guide  to  the  two  outside  guides  indicates  that  the  power 
equations  (11a)  and  (lib)  are  good  approximations  for  this 
input  case. 

Fig.  6(a)  shows  the  relative  power  out  of  each  guide  of  the 
same  three-guide  coupler  versus  length  for  power  into  an  out¬ 
side  guide.  Also  shown  are  the  oscilloscope  and  TV  outputs 
at  a  length  of  6.5  mm  (Fig.  6(b)).  The  solid  lines  in  Fig.  6(a) 
are  plots  of  (13a),  (13b),  and  (13c)  with  the  same  A  as  used  in 
Fig.  5.  The  coupling  length  in  the  loose  coupling  approxima¬ 
tion  for  complete  power  transfer  from  one  outside  guide  to 
the  other  should  be  6.4  mm.  The  data  obtained  at  a  length  of 
6.5  mm,  which  is  slightly  longer,  shows  most  of  the  power  in 
the  coupled  outside  guide  («86  percent),  a  small  amount  of 
power  in  the  center  guide  (^1 1 .5  percent),  and  only  «*2.5  per¬ 
cent  in  the  input  outside  guide.  Since  in  this  case  there  are 
three  modes  whose  phase  velocities  are  really  not  exactly  re¬ 
lated  to  each  other  in  a  simple  way  (only  an  approximation 
for  loose  coupling),  the  beats  between  these  modes  and,  there¬ 
fore,  the  power  transfer  is  not  expected  to  be  as  good  as  in 
the  case  where  power  was  input  into  the  center  guides.  It  is 
not  completely  clear,  however,  why  there  is  so  much  residual 
power  in  the  center  guide  at  a  length  of  6.5  mm.  There  is, 
nevertheless,  fairly  good  overall  agreement  between  the  mea¬ 
sured  relative  powers  and  plots  of  (13a),  (13b),  and  (13c). 
As  mentioned  above,  the  actual  coupling  between  guides  is 
slightly  less  than  calculated  using  the  effective-guide-index 
method  and  it  appears  that  even  in  this  input  case  the  guides 
at  least  to  first  order  may  be  considered  loosely  coupled. 

For  comparison  purposes,  Fig.  7(a)  shows  the  relative  output 
of  each  guide  of  a  two-guide  coupler  versus  length.  Also  shown 


are  the  oscilloscope  and  TV  outputs  at  a  length  of  4.9  mm. 
The  solid  line  represents  the  power  division  equations  of  a  two- 
guide  coupler  with  a  coupling  length  y/2  times  larger  than  that 
of  a  three-guide  coupler  with  power  input  into  the  center  guide. 
At  a  length  of  4.9  mm,  which  is  somewhat  longer  than  the  4.5- 
mm  coupling  length,  there  is  still  almost  complete  power  trans¬ 
fer  from  one  guide  to  another. 

Although  the  length  required  to  transfer  power  from  one 
outside  guide  to  the  other  of  a  loosely  coupled  three-guide 
coupler  (Fig.  6)  is  y/2  times  larger  than  that  of  a  similar  two- 
guide  coupler  (Fig.  7),  note  that  (as  long  as  it  is  acceptable  to 
dump  any  residual  power  in  the  center  guide)  the  length  neces¬ 
sary  to  obtain  a  good  power  transfer  ratio  between  the  power  in 
the  two  outside  guides  is  less  critical  in  the  three-guide  coupler. 
This  results  from  the  fact  that  the  ratio  of  the  power  in  the 
coupled  guide  to  that  in  the  input  guide  goes  as  tan4  (Az/2) 
for  the  three-guide  coupler  and  only  as  tan2  (Az/y/2)  for  the 
two-guide  coupler.  To  take  advantage  of  this  “sharper”  char¬ 
acteristic,  however,  the  guides  must  be  loosely  coupled  and  the 
restriction  on  coupling  for  the  loose-coupling  approximation 
to  be  valid  are  more  severe  in  this  case  than  in  the  case  of  a 
two-guide  coupler  or  when  the  three-guide  coupler  is  used  as 
a  power  divider  or  coupler  (since  only  two  modes  are  involved 
in  this  latter  case). 

To  give  some  indication  of  the  similarity  between  couplers 
on  a  wafer,  Fig.  8  shows  the  scanned  output  oscilloscope  traces 
for  two  different  three-guide  couplers  (#27  and  #30)  with  in¬ 
put  into  Fig.  8(a)  the  left  outside  guide,  (b)  the  center  guide, 
and  (c)  the  right  outside  guide.  The  sample  length  is  4.9  mm. 
Only  the  relative  magnitudes  of  the  three  peaks  in  each  picture 
are  of  significance  since  no  effort  was  made  to  keep  the  abso¬ 
lute  value  of  the  power  coupled  into  the  three-guide  couplers 
constant  for  each  input.  As  can  be  seen  in  the  figure,  the  rela¬ 
tive  outputs  (i.e.,  the  output  in  each  guide  divided  by  the  total 
output)  of  the  two  couplers  are  in  substantial  agreement  for 
each  input.  In  addition,  at  a  length  of  3.2  mm  the  output  power 
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Fig.  8.  A  comparison  of  the  outputs  of  two  three-guide  couplers  (a) 
#30  and  (b)  #27  with  power  in  the  left  outside  guide,  the  center 
guide,  and  the  right  outside  guide.  The  length  of  both  couplers  is 
4.9  mm. 


of  both  of  the  couplers  with  power  input  into  the  center  guide 
was  divided  between  the  two  outside  guides.  At  6.5  mm,  al¬ 
most  all  the  power  was  transferred  from  one  outside  guide  to 
the  other  for  both  couplers. 

VI.  Conclusions 

Symmetrical  three-guide  couplers  consisting  of  slab-coupled 
rib-type  guides  have  been  fabricated  in  GaAs.  Their  behavior 
closely  approximates  that  predicted  using  an  effective-index 
analytical  method.  For  power  into  the  center  guide,  the  power 
is  transferred  symmetrically  to  the  two  outside  guides  in  a 
coupling  length  of  3.2  mm  with  percent  of  the  power  re¬ 
maining  in  the  center  guide.  The  coupling  length  for  a  similar 
two-guide  coupler  is  \fl  times  larger  as  predicted.  For  power 
into  one  of  the  outside  guides  of  a  three-guide  coupler,  the 
power  is  transferred  to  the  other  outside  guide  in  a  length  of 
^6.4  mm,  which  is  twice  that  for  coupling  power  from  the 
center  guide  to  the  two  outside  guides.  In  the  latter  case, 
because  three  modes  are  now  involved,  power  transfer  is  not 
as  complete  as  in  the  case  where  power  was  input  into  the 
center  guide. 

Symmetrical  three-guide  couplers  of  this  type  should  prove 
useful  as  replacements  for  ‘T”-type  power  dividers  and  com¬ 
biners,  especially  in  cases  where  waveguide  bends  would  re¬ 
sult  in  unacceptable  losses.  They  may  also  prove  useful  as 
replacements  for  two-guide  couplers  for  improved  sampling 
and  filtering  (13)  or  where  losses  due  to  waveguide  bends  are 
unacceptable. 
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